SUMMARY A direction-oriented spatial interpolation technique for image de-interlacing is presented in this letter. The experimental results demonstrate that our method achieves excellent performance in terms of both objective and subjective image quality. The proposed algorithm also has a very computationally simple structure, and proves to be a good candidate for low-cost hardware interpolator.
Introduction
Various digital video systems need different spatial and temporal resolutions, so different format standards are used to store, transmit and display digital video signals. Traditional NTSC-TV uses the interlaced scanning format to display video sequences. It suffers from uncomfortable visual artifacts such as edge flicker, interline flicker and line crawling. Recently, many progressive scanned devices such as HDTV, PDPs and LCD-TVs become more and more popular. Hence, an efficient image de-interlacing (or conversion) technique is necessary to convert the interlaced images into progressive images for suitable displaying.
Interpolation is used widely in image de-interlacing to obtain higher image resolution [1] . In the past few years, many image interpolation methods have been proposed, ranging from spatial techniques [2] - [6] to more complex temporal techniques [7] - [10] . Temporal techniques usually perform better than spatial techniques with regard to image quality, but they require more expensive computations and larger memory space. In contrast, the spatial technique is very suitable for real-time applications due to its simplicity and low computational requirements. In this letter, we consider only low-complexity spatial interpolation techniques.
Many spatial interpolation techniques have been proposed for image enlargement. In [3] , an edge-based line average (ELA) interpolation method was developed. Chen et al. [4] presented an efficient algorithm using two useful measurements defined on the sliding window to increase the accuracy of the ELA algorithm. In [5] proposed in [6] .
In this letter, we present an efficient and lowcomplexity interpolation method. The proposed method introduces additional measurements for estimating the spatial correlations efficiently, with the primary objective of alleviating decision errors for subsequent interpolation. Compared with the previous methods, our method can detect edges efficiently and perform better in terms of both objective and subjective image quality. Furthermore, the method has very low computational complexity, so it can be easily implemented with hardware and applied to many real-time applications.
The rest of this letter is organized as follows. In Sect. 2, the proposed method is described in detail. The simulation results are provided in Sect. 3. Finally, conclusions and remarks are given in Sect. 4.
The Proposed Method
The motivation of the proposed interpolation algorithm is first to estimate efficiently the spatially directional correlations, and then to interpolate the missing pixels accordingly. Let x(i, j) denote the signal to be interpolated where i means the number of horizontal line and j means the number of vertical line. The signals x(i − 1, j) and x(i + 1, j) are supposed to be available and can be used as the inputs for interpolation. For the purpose of checking edges existed in the diagonal, vertical and horizontal directions respectively, four directional differences, denoted as D d1 , D d2 , D v and D h , are defined and calculated as follows:
(1) Figure 1 shows the four pixel differences of different directions, respectively. The smaller one among these four values has a stronger correlation, and probably has an edge in its direction. Hence, the interpolated pixel can be estimated as follows:
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Obviously, the proposed method requires only simple integer operations, such as addition, subtraction and absolute value, so it can be easily implemented with hardware. The simulation results shown in the following section will demonstrate that our method achieves excellent performances in both objective and subjective image quality. 
Simulation Results
For an M × N image, we remove every odd vertical line and thus obtain the M/2 × N image. Then, we reconstruct the M × N image by interpolating the odd lines for different methods. Totally, ten 512 × 512 standard test images with 8-bit brightness resolution are considered. The results of peak signal-to-noise ratio (PSNR) are illustrated in Table 1 . Except our method, five previous interpolation methods, FOI [2] , ELA [3] , ELC [4] , APM [5] and MBI [6] , are used for comparisons. It can be observed from the results that our algorithm achieves better quantitative quality than the previous interpolation methods. Certainly, the exact degree of improvement is dependent on the content of different images being processed. In addition, three well-known 8-bit gray-level video sequences, Football, Akiyo and Erik, are used to test various interpolation methods. The size of each frame is 352 × 288, and the frame rate is 30 per second. Each individual frame is down sample by a factor of 2 vertically, and then interpolated by using different approaches. Tables 2 and 3 show the average and worst-case PSNR of the first 50 frames for the video sequences respectively. The proposed method consistently produces better performance. This demonstrates the capability of our method in coping with video sequences. For subjective testing, the interpolated Lena images using different interpolation methods are shown in Fig. 2 . A portion of each image is enlarged in order to evaluate the visual quality. FOI produces noticeable artifacts in areas of angled edges as shown Fig. 2 (b) . Like those previous proposed methods [4] - [6] , our method shows visually pleasing picture especially at image edges.
To explore the computational complexity, we list the operations required to interpolate each missing pixel for various interpolation methods in Table 4 . Compared with the newly interpolation methods [4] - [6] , our method requires lower computational complexity (5 absolute, 5 addition and 11 subtraction operations). Although the proposed method needs more operations than both FOI and ELA do, it achieves better objective image quality as shown in Tables 1,  2 , and 3.
Conslusions
A low-complexity spatial interpolation technique is presented to detect edges in the diagonal, horizontal and vertical directions efficiently. The experimental results demonstrate that our method achieves excellent performances in both objective and subjective image quality. Currently, the VLSI architecture of our method is under development.
